Kinesin-14 family proteins are minus-end directed motors that cross-link microtubules and play key roles during spindle assembly. We showed previously that the Xenopus Kinesin-14 XCTK2 is regulated by Ran via the association of a bipartite NLS in the tail of XCTK2 with importin ␣/␤, which regulates its ability to cross-link microtubules during spindle formation. Here we show that mutation of the nuclear localization signal ( 
INTRODUCTION
During mitosis, eukaryotic cells form a microtubule (MT)-based bipolar spindle that exerts forces to congress the chromosomes to the metaphase plate and to segregate them to the two daughter cells. Although different cell types form spindles with varying morphologies, for a certain cell type the spindle morphology remains steady (Mitchison et al., 2005) . It is therefore critical to understand how cells organize and maintain the spindle machinery of a certain size and shape so that we can understand how spindle organization affects chromosome behavior.
A bipolar spindle is composed of three classes of dynamic MTs: the astral MTs that extend from the centrosomes and project toward the cell cortex, the interpolar MTs that overlap in the spindle midzone in an antiparallel manner, and the kinetochore fibers (K-fibers), which are parallel bundles of 20 -40 MTs that come from kinetochores and focus at the spindle poles (Compton, 2000; Walczak and Heald, 2008) . The coordinated regulation of the dynamics and organization of these three classes of MTs is needed to form a morphologically normal spindle. Molecular perturbation of factors that regulate dynamics of MTs in the spindle or the addition of anti-MT drugs affects spindle organization and changes spindle length (Severin et al., 2001; Goshima et al., 2005b; Mitchison et al., 2005; Ohi et al., 2007) . However, perturbation of molecular motors involved in MT sliding has given contradictory results on their roles in spindle length control (Hoyt et al., 1993; Sharp et al., 1999; Sharp et al., 2000a; Troxell et al., 2001; Goshima et al., 2005b; Burbank et al., 2007) , raising the question of what are the principle mechanisms that control spindle length.
Two major models have been proposed for how spindles assemble during mitosis. In the search-and-capture model, MTs are nucleated around centrosomes with their dynamic plus ends growing toward the chromosomes until they are captured and stabilized by a kinetochore (Kirschner and Mitchison, 1986; McIntosh et al., 2002) . In the chromatinmediated spindle assembly model, MTs are nucleated in the vicinity of chromosomes and then become incorporated into the spindle by the action of molecular motors (McKim and Hawley, 1995; Heald et al., 1996; Walczak and Heald, 2008) . It is thought that centrosome-mediated spindle formation is dominant in most mitotic cells that contain centrosomes. However, when centrosomes are laser-ablated in somatic cells spindle assembly still occurs, suggesting that chromatin-mediated spindle assembly also occurs in somatic cells (Khodjakov et al., 2000; Khodjakov and Rieder, 2001) .
MT nucleation around chromosomes is mediated by a gradient of Ran-GTP that is highest near the chromosomes and diminishes away from the chromosomes (Carazo-Salas et al., 1999; Wilde and Zheng, 1999; Kalab et al., 2002 Kalab et al., , 2006 Caudron et al., 2005) . Ran action in the spindle is mediated through nuclear localization signal (NLS)-containing spindle assembly factors that are kept in an inactive state by association with the nuclear import receptors importin ␣/␤ (Kalab and Heald, 2008; Walczak and Heald, 2008) . The highest concentration of Ran-GTP is near the chromosomes where it binds to importin ␤, causing release of the spindle assembly factors that contribute to MT nucleation, stabilization, and organization (Caudron et al., 2005; Kalab and Heald, 2008) .
One important Ran-regulated factor needed for proper spindle assembly is the Kinesin-14 family member XCTK2 (Walczak et al., 1997; Ems-McClung et al., 2004) . Kinesin-14 family members are minus-end-directed MT motors (McDonald et al., 1990; Walker et al., 1990) that are needed for spindle assembly and pole organization in both mitotic and meiotic systems (Hatsumi and Endow, 1992a,b; Endow and Komma, 1996; Walczak et al., 1997; Matuliene et al., 1999; Mountain et al., 1999; Sharp et al., 1999; Goshima et al., 2005a) . Structurally Kinesin-14s have a conserved kinesinlike motor at the C-terminus, a central coiled-coil stalk, and an N-terminal globular domain. The motor domain binds MTs in an ATP-sensitive manner, and the tail possesses a second ATP-insensitive MT binding site that enables Kinesin-14s to cross-link and slide MTs (Chandra et al., 1993; Walker, 1995; Walczak et al., 1997; Karabay and Walker, 1999; Ems-McClung et al., 2004) . We showed previously that XCTK2 is regulated by Ran via the association of a bipartite NLS in the tail of XCTK2 with importin ␣/␤ (Ems- McClung et al., 2004) . Binding of importin ␣/␤ to XCTK2 inhibits its association with MTs and blocks its ability to cross-link MTs. This data supports a model in which XCTK2 acts near chromosomes to cross-link and slide MTs during chromatinmediated spindle formation. However, it is not clear whether Kinesin-14s are needed for spindle formation in somatic cells and how their MT sliding activity contributes to spindle organization.
MATERIALS AND METHODS

Constructs and Protein Purification
The HSET cDNA (Genbank ID: 68299768) was a generous gift from Duane Compton (Dartmouth Medical School, Hanover, NH) . The cDNA encoding the nonmotor domain of HSET (amino acids 2-304) was subcloned into pGEX1* and p6HGFP-B vectors with the restriction enzymes BamHI and EcoRI to generate glutathione S-transferase (GST)-and 6-His-green fluorescent protein (GFP)-tagged fusion proteins, respectively. The HSET mutants HSET-NLSa (36KRR to AAA), HSET-NLSb (50KKR to AAA), and HSET N593K were made using the Quikchange site-directed mutagenesis system (Stratagene, La Jolla, CA). pEGFP-HSET and pEGFP-HSET N593K clones were generated by subcloning their cDNA into the pEGFPC1 vector by EcoRI/SalI. The XCTK2 constructs and mutants were described previously (Ems-McClung et al., 2004) . All resulting clones were verified by sequencing.
GST-HSET(2-304) was expressed in Escherichia coli BL21(DE3) cells and affinity-purified on glutathione Sepharose 4B (Amersham Biosciences, Piscataway, NJ) as previously described (Ems-McClung et al., 2004) , followed by the gel filtration on a Superose 12 column (GE Healthcare Life Sciences, Piscataway, NJ) equilibrated in column buffer (50 mM MOPS, pH 7.2, 50 mM NaCl, 0.1 mM EDTA, and 0.1 mM EGTA). Fractions were eluted, and sucrose was added to 10%. Fractions were aliquoted, flash-frozen in liquid nitrogen, and stored at Ϫ80°C until use. His-GFP-HSET(2-304) was expressed, purified, and cross-linked to Affi-Gel 10 (Bio-Rad, Hercules, CA) as previously described (Walczak et al., 1997) . Antibodies to the nonmotor domain of HSET were generated by immunizing a rabbit (Covance Research Products, Denver, PA) with GST-HSET(2-304) protein that was first treated with 0.5% glutaraldehyde for 45 min and then quenched with a trace of sodium borohydride for 5 min at room temperature (RT). HSET specific antibodies were then affinitypurified using a His-GFP-HSET(2-304) affinity column as described previously (Walczak et al., 1997) .
For protein expression of the GFP-fusion proteins XCTK2, XCTK2 NLSa, XCTK2 NLSb, HSET and HSET-N593K, coding sequences were subcloned into pFastBac1-GFP using SacI and KpnI restriction enzymes, and baculovirus was produced using the Bac-to-Bac baculovirus system (Invitrogen, Carlsbad, CA). The GFP-tagged proteins were then expressed in Sf-9 insect cells and purified by conventional chromatography as previously described (Walczak et al., 1997) . The proteins were stored in FPLC buffer (20 mM PIPES, 1 mM MgCl 2 , 1 mM EGTA, 0.1 mM EDTA, 1 mM DTT, 50 M Mg-ATP, 400 mM KCl, and 0.1 g/ml LPC) with the addition of 10% sucrose, flash-frozen in liquid nitrogen, and stored at Ϫ80°C.
Nuclear Import and Spindle Assembly in Xenopus Egg Extracts
CSF extract was made from Xenopus laevis eggs as previously described (Murray, 1991) . For the nuclear import assay, demembranated sperm nuclei were added at a concentration of 500 sperm/l to CSF extract that was activated by the addition of 0.4 mM CaCl 2 for 2 h until most of the sperm had formed a nuclear envelope and appeared round. At this time, a final concentration of 20 nM GFP-XCTK2 or the NLS mutants GFP-XCTK2 NLSa or GFP-XCTK2 NLSb were added to the extract with the preformed nuclei. Ten minutes after the addition of the recombinant proteins, samples (1 l) were taken and squashed on a microscope slide with 3 l of spindle fix (60% glycerol, 5 mM HEPES, pH 7.8, 0.1 mM EDTA, 100 mM NaCl, 2 mM KCl, 1 mM MgCl 2 , 2 mM CaCl 2 , 10% formaldehyde, and 1 g/ml Hoechst) and immediately imaged using fluorescence microscopy.
For spindle assembly assays, CSF extracts were supplemented with 200 nM X-Rhodamine-labeled tubulin, 500 sperm nuclei/l, and the indicated recombinant proteins (GFP, GFP-XCTK2, GFP-XCTK2NLSa, GFP-XCTK2NLSb, GFP-HSET, and GFP-HSET N593K) at either a 2.5-or 5-fold molar excess over the endogenous XCTK2 as indicated in the text. The endogenous concentration of XCTK2 in CSF extract is ϳ20 nM. All fusion proteins were diluted to a 10-fold concentrated stock in CSF-XB buffer, and then equivalent volumes were added to each spindle assembly reaction before spindle assembly for a final 1ϫ concentration. For cycled extracts, CSF extracts were cycled into interphase with the addition of Ca 2ϩ and then back into mitosis with fresh CSF extract as described (Sawin and Mitchison, 1991; Shamu and Murray, 1992) . For SDS-PAGE, 5 l of each extract reaction was diluted in 45 l of sample buffer (0.125 M Tris, pH 6.8, 4% SDS, 20% glycerol, 4% ␤-mercaptoethanol, and a trace amount of bromophenol blue) and subjected to Western blot analysis to confirm that equivalent amounts of the proteins were added to the extract. Thirty minutes after initiation of the spindle assembly reaction, 30 l of each extract sample was diluted in 1 ml of BRB80 (80 mM PIPES, pH 6.8, 1 mM MgCl 2 , and 1 mM EGTA) containing 30% glycerol (vol/vol) and fixed by the addition of 1 ml of 30% glycerol, BRB80, and 4% formaldehyde for 20 min at RT. The fixed samples were layered on a 4-ml cushion of BRB80 containing 40% glycerol (vol/vol) and were centrifuged onto coverslips in a Beckman (Fullerton, CA) JS7.5 rotor at 6000 ϫ g for 15 min. The coverslips were postfixed in Ϫ20°C methanol for 5 min and rehydrated in TBS-TX (10 mM Tris, pH 7.6, 150 mM NaCl and 0.1% Triton X-100). DNA was stained by incubation in 1 g/ml Hoechst 33342 (Sigma-Aldrich, St. Louis, MO) diluted in TBS-TX, mounted in anti-fade (90% glycerol, 20 mM Tris-HCl, pH 8.8, and 0.5% p-phenylenediamine), and sealed with nail polish.
Cell Culture, RNA Interference, Gene Transfection, and
Creation of Stable Cell Lines
HeLa cells were cultured at 37°C in Opti-MEM (Invitrogen) supplemented with 10% fetal bovine serum and penicillin/streptomycin (Invitrogen). For small interfering RNA (siRNA), HeLa cells at 4 ϫ 10 4 cells/well were plated into each well of a six-well culture dish, arrested with 2 mM thymidine for 20 h, and then released into fresh media. Two hours after release from the thymidine block, 200 nM Luciferase RNA interference (RNAi) negative control no. 2 oligonucleotide (Dharmacon, Chicago, IL), 200 nM HSET RNAi oligonucleotide to the coding region (UCA GAA GCA GCC CUG UCA A), or 200 nM hNuf2 RNAi oligonucleotide (DeLuca et al., 2002) was transfected using Oligofectamine (Invitrogen). When comparing knockdown of multiple proteins, an equivalent amount of Luciferase negative control oligonucleotide was cotransfected with the specific oligonucleotide such that the total amount of oligonucleotide transfected was identical for each well. At 24 h after transfection, cells were blocked with 2 mM thymidine for 19 h to synchronize the cells and then released for 11-12 h to allow cells to progress to late G2. The cells were then processed for immunofluorescence, for live imaging, or for Western blot analysis.
To generate the stable cell lines, pEGFP-HSET or pEGFP-HSET N593K were individually introduced into HeLa cells using a calcium phosphate transfection in the presence of 2 mg/ml geneticin (Invitrogen; Rodriguez and Flemington, 1999) . Transfected cells were replated at a density of 1 ϫ 10 3 cells/ plate in a 10-cm plate and grown for 7-10 d with daily changes in media until each colony had ϳ200 cells. A single colony was isolated with a pipette tip by examining the colony under an inverted fluorescence microscope, transferred to a new dish, and maintained in Opti-MEM containing 1 mg/ml geneticin (Invitrogen). pEGFP-H2B and pmcherry-tubulin plasmids were sequentially introduced into HeLa cells to an established stable expressing cell line as described above. For transient transfections, pEGFP-HSET NLSa or pEGFP-HSET NLSb were introduced into HeLa cells using calcium phosphate transfection and fixed and processed for immunofluorescence 24 h after transfection.
Immunofluorescence and Western Blot Analysis
HeLa cells were fixed in Ϫ20°C methanol for 5 min at RT and rehydrated in TBS-TX for 2 min. Cells were blocked in Abdil (TBS-TX, 2% bovine serum albumin, and 0.1% sodium azide) for 1 h at RT or overnight at 4°C. Cells were stained with antibodies against HSET (2.5 g/l), Hec1 (1 g/l; Novus Biologicals, Littleton, CO), ACA (1:100; Antibodies Incorporated, Davis, CA), or ␣-tubulin DM1␣ (1:1000; Sigma-Aldrich) diluted in Abdil for 1 h at RT. Cells were subsequently stained with a 1:50 dilution of donkey anti-rabbit Alexa Fluor 488 (Invitrogen) or donkey anti-mouse TexasRed (Jackson ImmunoResearch Laboratories, West Grove, PA). To visualize DNA, fixed cells were stained with 2 g/ml Hoechst (Sigma-Aldrich) in TBS-TX.
For Western blot analysis, HeLa cells were collected and lysed in sample buffer at 3000 cells/l, and Xenopus extract was lysed by 1:10 dilution in sample buffer. 60,000 HeLa cells or 20 l of extract sample were loaded on a 10% SDS-polyacrylamide gel and transferred to Protran nitrocellulose (Schleicher & Schuell, Waltham, MA). Blots were then probed with DM1␣ (1:10,000, Sigma-Aldrich), anti-HSET (2.5 g/ml), anti-GFP (1.9 g/ml), anti-importin ␤ (1 g/ml; Sigma-Aldrich), or anti-importin ␣ (1:1000; from Mary Dasso, National Institutes of Health, Bethesda, MD), followed by sheep anti-mouse IgG HRP-linked whole antibody (1:10,000; Amersham, Piscataway, NJ) or donkey anti-rabbit IgG HRP-linked whole antibody (1:10,000; Amersham) and detected with SuperSignal West Pico enhanced chemiluminescence substrates according to the manufacturer's directions.
Immunoprecipitations
Immunoprecipitations from Xenopus egg extracts were performed as described previously (Ems-McClung et al., 2004) . Anti-GFP and nonimmune rabbit IgG were covalently coupled to the Affi-prep protein A beads (Bio-Rad; Harlow and Lane, 1999) . Where indicated, 200 nM purified GFP-XCTK2, GFP-XCTK2-NLSa, or GFP-XCTK2-NLSb was added to the immunoprecipitation reactions. Equivalent volumes of the eluted protein were electrophoresed on 10% SDS-PAGE gels and stained with Coomassie Blue G-250 or transferred to Protran. Western blots were probed as described above.
Immunoprecipitation in HeLa extract was performed as described (Luders et al., 2006) using anti-HSET antibodies cross-linked to Affi-prep protein A beads. The GFP-HSET overexpressing HeLa cells were plated in a 10-cm plate and treated with 100 ng/ml nocodazole overnight. Cells were trypsinized and diluted with ice-cold Opti-MEM. Cells were centrifuged at 1000 ϫ g, resuspended in lysis buffer (50 mM HEPES, 150 mM NaCl, 1 mM MgCl2, 1 mM EGTA, 0.5% Triton X-100, and 1/1000 LPC) for 5 min on ice using a ratio of 1 ml buffer/10-cm plate. HeLa cell lysates were centrifuged in a TLS 55 rotor at 16,000 rpm for 10 min in a Beckman Optima L-90K Ultracentrifuge. For immunoprecipitations, 400 l of supernatant were incubated with 50 l of Affi-prep IgG beads or anti-GFP beads for 5 h at 4°C following the procedure described above for immunoprecipitations in egg extracts.
Cold Treatment for Analysis of Stable MTs
HeLa cells were transfected with the Luciferase control oligonucleotide or HSET RNAi oligonucleotide, and the GFP-HSET HeLa cell line was transfected with the Luciferase control oligonucleotide. At 24 h after transfection, cells were synchronized with 2 mM thymidine for 19 h and released in fresh medium for 11-12 h. The cells in dishes were put on an ice-water bath for 10 min to allow for MT depolymerization and then were fixed with Ϫ20°C methanol for 5 min and processed for immunofluorescence as described above.
Preparation of MT Substrates
Guanylyl-(␣,␤)-methylene-diphosphonate-(GMPCPP; Jena Scientific, Jena Germany) and paclitaxel-stabilized MTs were polymerized from cycled bovine tubulin as previously described (Desai and Walczak, 2001) . Tubulin was clarified at 45,000 rpm for 5 min at 2°C in a TLA 100 rotor (Beckman Coulter) and then polymerized in the presence of 0.5 mM GMPCPP, BRB80, and 1 mM DTT for 30 min. Paclitaxel was added to 20 M at 20 min after the start of polymerization. The MTs were pelleted at 37°C for 5 min in a TLA100 rotor and resuspended in BRB49 (49 mM PIPES, pH 6.8, 1 mM MgCl 2 , and 1 mM EGTA), 1 mM DTT, and 20 M paclitaxel.
ELIPA ATPase Assays
ATPase assays were performed using the Enzyme Linked Inorganic Phosphate Assay (ELIPA) kit (Cytoskeleton, Denver, CO) to detect P i release. For these experiments, 250 nM GFP-HSET or GFP-HSET N593K were incubated with 0.62 mM MgATP, 50 mM KCl, BRB80, and varying concentrations (0 -3 M) of GMPCPP-and paclitaxel-stabilized MTs (doubly stabilized). The rate of P i released was measured using the SpectraMax190 (Molecular Devices, Sunnyvale, CA) with an absorbance of 360 nm at 30-s intervals for 30 min. Data were collected and analyzed from at least three independent experiments and fit to Equation 1 using Prism (GraphPad Software, San Diego, CA) to determine the k cat and K m of GFP-HSET or GFP-HSET N593K in the presence of MTs. The plots represent the average Ϯ the SE of these experiments.
( 1) where k cat represents the maximum binding, MT t represents the total tubulin concentration, and K m represents the concentration of GFP-HSET to reach half-maximum binding.
HSET MT Cosedimentation Assays
The cosedimentation assays were performed similarly to Hertzer et al. (2006) using doubly stabilized MTs. Equal molar concentrations (0.35 M) of purified protein (GFP-HSET or GFP-HSET N593K) were incubated in BRB20 (20 mM PIPES, pH 6.8, 1 mM MgCl 2 , and 1 mM EGTA), and 63 mM KCl with increasing concentrations of doubly stabilized MTs (0 -0.7 M). The reactions were pelleted at 45,000 rpm in a Beckman TLA 100 rotor. The supernatant was removed and mixed with an equal volume of 2ϫ sample buffer. The pellet of each reaction was resuspended in a volume of 2ϫ sample buffer equal to the supernatant and mixed with an equal volume of BRB80. Equal volumes of supernatant and pellet samples were analyzed by SDS-PAGE and stained with colloidal Coomassie Blue. The concentration of GFP-HSET partitioning between the supernatant and pellet fractions was quantified by densitometry of the gel using Image J (http://rsb.info.nih.gov/ij/; NIH, Bethesda, MD). Data collected and analyzed from at least three independent experiments were fit to a two-site quadratic binding equation (Equation 2; Wang and Jiang, 1996) using Prism (GraphPad Software) to determine the apparent K d of GFP-HSET or GFP-HSET N593K for MTs. The plots represent the average Ϯ the SE of these experiments:
where
where Mt ⅐ E is the concentration of enzyme binding to MTs in nanomolar, E 0 is the total amount of enzyme bound in nanomolar, E is the total enzyme concentration, MT t is the total tubulin concentration, K d1 is the dissociation constant for site 1, and K d2 is the dissociation constant for site 2.
Live Imaging
For HSET RNAi imaging, GFP-H2B/mcherry-tubulin HeLa cells were plated at 4000 cells/well for both control and HSET RNAi in 96-well BD Falcon imaging plates (Bedford, MA). HSET RNAi was performed using the same method described above except that the volumes of all reagents were normalized based on the smaller surface area of the plates. At 24 h after HSET RNAi, cells were blocked by 2 mM thymidine for 16 h and released in fresh medium for 9 h. Cell plates were placed in BD Pathway 855 and imaged at 20 -40-ms exposure time at 5-min intervals ON. For imaging of HSET overexpressing cells, the GFP-HSET overexpressing cell line was plated at 8000 cells/well in a 96-well BD Falcon imaging plate and transiently transfected with p-mcherry-H2B plasmid using Oligofectamine 2000 (Invitrogen). At 8 h after transfection, cells were imaged using the same conditions as for the HSET RNAi cells. Mitotic progression was analyzed manually using the BD Attovision by recording spindle morphology from frame to frame. Mitotic progression was measured as the time from nuclear envelope breakdown (NEBD) to the de-condensation of daughter chromosomes.
Imaging and Statistical Analysis
All images were acquired on a Nikon Eclipse 90i (Melville, NY), using either a 20ϫ (NA 0.5), 40ϫ (NA 1.0), or 100ϫ Plan Apo objective (NA 1.4) and a CoolSnap HQ CCD camera (Photometrics, Tucson, AZ). The camera and filters were controlled by Metamorph (Molecular Devices, Sunnyvale, CA). Image stacks were collected at 0.5-m steps through the whole cell volume and then deconvolved using Autodeblur (Autoquant Imaging, Bethesda, MD) for 10 -20 iterations. The extract samples were imaged using a 40ϫ plan Apo objective (NA 1.0) and are single-plane images. All images were processed in Adobe Photoshop CS and assembled in Adobe Illustrator CS (San Jose, CA) equivalently for control and experimental samples. The mean spindle length and width were determined from three independent experiments and graphed with the SEM using Excel (Microsoft, Redmond, WA). The histogram of the length data were fit with Gaussian distribution by Prism (GraphPad). The curve was plotted in Excel (Microsoft) and superimposed with the histogram in Adobe Illustrator CS. To measure the fluorescence intensity of GFP-HSET and GFP-HSET N593K, Z series of images were taken with the 100ϫ objective at 0.5-m step intervals to cover the whole volume of the spindle. After 3D reconstruction in Metamorph, an equivalent 50 ϫ 20-pixel box was drawn both in the spindle close to the pole and in the cytoplasm as the background. Background subtracted fluorescence intensity was correlated with the spindle length and presented in the graph. The interkinetochore distance was determined by measuring the center to center distance of ACA staining of sister kinetochores from 150 kinetochores in 30 cells from three independent experiments. Statistical significance was determined with a Student's t test performed in Excel.
RESULTS
HSET Plays a Role in Controlling Spindle Morphology
To study the role of HSET in controlling spindle organization, we generated a HeLa cell line that stably expresses GFP-HSET at Ͼ10-fold the endogenous level (data not shown). The spindles in the GFP-HSET-overexpressing cells had increased MT bundling and appeared longer than in control HeLa cells ( Figure 1A) . In some cases, the spindle poles even became curved at the periphery of the cell cortex (data not shown), suggesting that the two poles were pushed apart. We measured the pole-to-pole distance of these spindles using the centrosome staining of HSET as a marker and found a 16% increase in the pole-to-pole distance of the GFP-HSET cells compared with control HeLa cells (p Ͻ 0.01; Figure 1B ). These spindles were not only longer, but were also 16% thinner based on a measurement of spindle width at the metaphase plate (p Ͻ 0.05; Figure  1B ), suggesting that overexpression of HSET changes overall spindle morphology. If overexpression of HSET causes spindle elongation, then knocking down HSET by RNAi should cause a reduction in spindle length. HSET could be knocked down by greater than 80% as judged by Western blot (Supplementary Figure  S1A) and by immunofluorescence ( Figure 1C and Supplementary Figure S1B ). The residual staining at spindle poles is due to nonspecific staining of another unknown centrosomal protein (data not shown). We found an 18% decrease in the pole-to-pole distance of HSET RNAi-treated cells compared with the spindles in control cells (p Ͻ 0.01; Figure 1 , C and D) and a 10% increase in spindle width of HSET RNAi spindles (p ϭ 0.05; Figure 1 , C and D), indicating that spindles without HSET are broader and shorter than in control cells. This shortened spindle phenotype is distinct from the split pole phenotype seen with inhibition of Drosophila Kinesin-14 Ncd (Goshima et al., 2005a) , because we did not see a significant increase in the percentage of multipolar spindles with HSET RNAi (Supplementary Figure  S1C) . Analysis of mitotic progression in HSET knockdown and HSET overexpression cells showed that neither perturbation significantly affected the average duration of mitosis (control: 102 Ϯ 62 min; HSET RNAi: 99 Ϯ 45 min; HSET overexpression: 118 Ϯ 66 min; from ϳ30 cells in each condition). The alignment of chromosomes to the metaphase plate was normal, and there was not an increased incidence of lagging chromosomes during anaphase (data not shown). Overall, these data suggest that HSET affects spindle morphology, perhaps by exerting an outward force on the spindle.
HSET Affects Spindle Morphology Independently of K-Fibers
It is possible that overexpressed HSET increases spindle length by sliding MTs within K-fibers along spindle MTs. To ask how K-fibers contribute to the morphological changes we observe, we treated cells with ice-cold buffer to depoly- To ask whether the K-fibers are required for the change in spindle length after HSET perturbation, we knocked down hNuf2, one of the components of the Ndc80 complex, to inhibit formation of the K-fiber (Figure 2A) . After hNuf2 RNAi, the spindle length was significantly increased in comparison to control cells (p Ͻ 0.01), consistent with previous findings (DeLuca et al., 2002;  Figure 2B ). When HSET was knocked down in the hNuf2 knockdown cells, the hNuf2-dependent increase in spindle length was rescued (p Ͻ 0.01), and the spindle length was slightly longer than control cells (p Ͻ 0.05), but was similar in length to cells overexpressing HSET (p ϭ 0.32; Figure 2B ). To ensure that there were no residual K-fibers contributing to the changes in spindle length, we only analyzed those mitotic cells with completely misaligned chromosomes. When K-fibers were diminished in GFP-HSET overexpressing cells, the spindle length was increased compared with hNuf2 RNAi spindles (p Ͻ 0.05; Figure 2 , A and B). This increase is similar to that seen in HSET overexpression alone in normal spindles. Together these findings support the idea that K-fiber attachment to the kinetochores is not required for HSET-dependent changes in spindle length.
HSET Cross-Links and Slides MTs to Regulate Spindle Length
Because Kinesin-14 proteins are known to cross-link and slide MTs, it is likely that the ability of HSET to slide MTs is needed to increase the spindle length. We took advantage of the observation that a mutation in Ncd (N600K) uncouples MT binding and MT-stimulated ATPase activity (Song and Endow, 1998) , which results in a protein that should crosslink but not slide MTs. We made the corresponding mutation (N593K) in GFP-HSET and characterized the biochem- ical activity of the wild-type (wt) and N593K purified proteins. Although wt HSET had MT-stimulated ATPase activity, HSET N593K had no MT-stimulated ATPase activity (Supplementary Figure S3, A and B) . The lack of ATPase activity of HSET N593K was not due to dead protein because it exhibited a similar apparent K d for MTs compared with wt HSET (Supplementary Figure S3 , C-E). This suggests that the HSET N593K mutant behaves as expected and uncouples MT binding and ATP hydrolysis.
To ask whether the N593K mutation affects spindle organization, we generated a stable cell line that overexpresses GFP-HSET N593K. The localization of GFP-HSET N593K in HeLa cells was the same as with endogenous HSET or as in cells expressing GFP-HSET, but the spindle MTs looked more bundled than in normal HeLa cells ( Figure 3A) . We measured the spindle length in both the GFP-HSET and GFP-HSET N593K cell lines and found that the pole-to-pole distance in the GFP-HSET N593K cell line was slightly longer than in normal control HeLa cells (p Ͻ 0.05), but shorter than in the GFP-HSET cell line (p Ͻ 0.01; Figures 1B  and 3B) , suggesting that the ability of HSET to elongate the spindle was reduced by the N593K mutation. One alternative possibility is that the decreased spindle length of GFP-HSET N593K cells relative to those expressing GFP-HSET alone is that the GFP-HSET was expressed to higher levels. To test this possibility, we measured the fluorescence intensity of the GFP signal as a function of the pole-to-pole distance in cells from each of the cell lines. Both GFP-HSET and GFP-HSET N593K-expressing cells had similar distributions of GFP fluorescence intensities, which had positive correlations with the pole-to-pole distances ( Figure 3C ), indicating that expression levels were not the root of the difference in the pole-to-pole distance. Because the GFP-HSET N593K expressing cells had a reduced slope compared with the GFP-HSET expressing cells, this suggests that the sliding ability of HSET is required for the elongation of the spindle.
We showed previously that addition of a molar excess of the Xenopus Kinesin-14 XCTK2 to spindle assembly reactions in egg extracts results in a stimulation of the rate and extent of bipolar spindle formation (Walczak et al., 1997) , which could be mediated by MT sliding activity. To test the idea that HSET functions similar to XCTK2 in egg extracts and that MT sliding is involved in spindle assembly in egg extracts, we added a 2.5-fold molar excess of GFP-XCTK2, GFP-HSET, or GFP-HSET N593K to extracts and analyzed spindle formation at 30 min, where the majority of chromatin structures are composed of half spindles (Supplementary Figure S4) . GFP-XCTK2 and GFP-HSET dramatically increased the percentage of bipolar spindles formed to similar extents, whereas GFP-HSET N593K failed to stimulate spindle assembly (Supplementary Figure S4F) . This indicates that HSET functions similarly to XCTK2 in egg extracts and that sliding activity contributes to the stimulation of spindle assembly induced by XCTK2 and HSET. We also measured the lengths of spindles formed under these conditions to determine whether MT sliding also affected spindle length in egg extracts (Figure 3, D-F) . Although addition of wt GFP-HSET caused a slight increase in spindle length compared with GFP control spindles (p Ͻ0.05), addition of GFP-HSET N593K caused a reduction in spindle length compared with GFP control spindles (p Ͻ 0.05) and to wt GFP-HSET addition (p Ͻ 0.05; Figure 3F ), supporting the idea that the sliding activity of HSET/XCTK2 is required for the increase in spindle length in extracts and in cells.
The Spatial Distribution of HSET/XCTK2 during Interphase Contributes to MT Organization
We showed previously that Xenopus Kinesin-14 XCTK2 binds to importin ␣/␤ in a RanGTP-dependent manner to regulate the ability of XCTK2 to cross-link MTs in vitro (Walczak et al., 1997; Ems-McClung et al., 2004) . Because the importin ␣/␤ complex transports cargo from the cytoplasm to the nucleus where RanGTP dissociates the complex to unload the cargo, we first asked whether full-length GFP-XCTK2 and GFP-HSET were also cargos of importin ␣/␤ in extracts and in cells. Our previous work with XCTK2 demonstrated that mutation of either end of the bipartite NLS disrupted the ability of the nonmotor domain of XCTK2 to be imported into nuclei in egg extracts (Ems-McClung et al., 2004 ; Figure 4A ). Similar to mutation of the nonmotor domain of XCTK2, mutation of the NLS in full-length GFP-XCTK2 resulted in the failure of XCTK2 NLSa and XCTK2 NLSb to bind importin ␣/␤ in vitro (data not shown). Addition of wt GFP-XCTK2 or the NLS mutants to preformed nuclei in egg extracts showed that wt GFP-XCTK2 was effectively imported into the nucleus, whereas both of the NLS mutants were excluded from the nucleus and localized on the surrounding MTs ( Figure 4B ). In addition, wt GFP-XCTK2 associated with importin ␣/␤ in anti-GFP immunoprecipitations, whereas mutation of the NLS abrogated this association ( Figure 4C ). This indicates that full-length Xenopus Kinesin-14 is imported into the nucleus through an association with importin ␣/␤ to spatially regulate its distribution.
To ask whether the importin ␣/␤ complex also spatially regulates HSET in human cells, we identified the bipartite NLS in HSET using PSORT II (http://psort.nibb.ac.jp) and mutated both ends of the bipartite NLS sequence in fulllength GFP-HSET ( Figure 4A ). Transient expression of wt GFP-HSET and the GFP-HSET NLS mutants in HeLa cells showed a parallel distribution to that of XCTK2 in Xenopus nuclei ( Figure 4D ). Specifically, wt GFP-HSET was sequestered in the nucleus, and the NLSa and NLSb mutants were excluded. The nuclear excluded GFP-HSET NLS mutants also caused the MTs to become highly bundled in the cytosol. In addition, these two NLS mutants were highly toxic to cells in that most of the transfected cells died within 48 h after transfection, and we rarely found any mitotic cells in these transfections (data not shown). To test whether the import of HSET is through binding to importin ␣/␤, we performed an immunoprecipitation with an anti-GFP antibody from extracts of GFP-HSET-overexpressing cells and found that importin ␤ associated with GFP-HSET in this cell line ( Figure 4E ). Because the NLS mutants were not transported into the nucleus, we infer that it is because of a disrupted interaction with the importin ␣/␤ import machinery. Together, these data suggest that Kinesin-14s in higher eukaryotes are sequestered in the nucleus in interphase to prevent inadvertent disruption of the interphase cytoskeleton.
Association of Importin ␣/␤ to the NLS Regulates XCTK2 MT Cross-Linking and/or Sliding to Control Spindle Morphology Because transport of HSET/XCTK2 in cells and extracts is regulated by importin ␣/␤, we asked whether the function of these Kinesin-14s during mitosis was also regulated by the Ran system. Unfortunately, we were unable to generate stable cell lines expressing the GFP-HSET NLS mutants because of the toxicity induced by their overexpression. Therefore, we decided to mimic the cellular spindle assembly process by manipulation of Xenopus egg extracts. We used cycled spindle assembly reactions in Xenopus egg ex- tracts and then added a 5-fold molar excess of GFP protein, wt GFP-XCTK2, or the NLS mutants at the time of the second CSF addition. Spindles were assembled for 80 min and then analyzed. Addition of excess wt GFP-XCTK2 caused bundling of the spindle MTs; however, the spindle length did not change significantly ( Figure 5 , A-C). In contrast, addition of either NLS mutant dramatically increased the spindle length (XCTK2 vs. NLSa, p Ͻ 0.01; XCTK2 vs. NLSb, p Ͻ 0.05) and caused excessive bundling of the spindle MTs. This effect was not limited to spindle assembly, as addition of the NLS mutants to preformed spindles also resulted in the formation of excessively long spindles (Supplementary Figure S5) , suggesting that the importin ␣/␤-mediated regulation of spindle length by XCTK2 is required both for spindle assembly and for spindle maintenance in extracts.
DISCUSSION
In this study, we showed that sliding activity of HSET and XCTK2 on MTs is needed to control spindle length in both mitotic and meiotic spindles. HSET/XCTK2 is sequestered in the nucleus during interphase to prevent aberrant MT cross-linking and is released to the cytoplasm during mitosis to control MT cross-linking and sliding during mitosis. Our data suggest that Kinesin-14 function is conserved within vertebrates and is important to control spindle morphogenesis.
HSET Perturbation Does Not Affect Spindle Bipolarity in HeLa Cells
Previous studies have shown Kinesin-14 affects spindle bipolarity. Inhibition of Xenopus Kinesin-14 in egg extracts results in monopolar spindle formation (Walczak et al., 1997) , but the fact that we and others do not find any defects in spindle bipolarity upon HSET perturbation supports the idea that the role of Kinesin-14 on spindle bipolarity is more dramatic in meiotic rather than mitotic systems. Perturbation of Drosophila Kinesin-14 Ncd splays the spindle poles and disrupts centrosome clustering (Endow et al., 1994a; Goshima et al., 2005a) , causing multipolar spindles. For human Kinesin-14 HSET, its activity on spindle pole formation seems to be masked by centrosomes during mitosis, whereas in mouse oocytes, it causes unfocused poles with lost cohesion (Mountain et al., 1999) . More recently, Kwon et al. (2008) showed that the requirement for HSET in spindle multipolarity is directly correlated to the number of centrosomes in mammalian cells. In cells with multiple centrosomes, HSET appears to be required to cluster those centrosomes; however, the clustering of centrosomes is not the predominant pathway for spindle bipolarity in HeLa cells. In support of our finding, Kwon et al. showed that perturbation of HSET did not significantly affect centrosome clustering in HeLa cells, which equates to our observation that there was not a substantial increase in spindle multipolarity after HSET knockdown.
Kinesin-14s Affect Spindle Length through MT Sliding
The spindle is a stable but very dynamic structure. Several conceptual models have been proposed to explain how spindles are organized to reach a steady-state size with a relatively constant morphology (Brinkley, 1985; Sharp et al., 2000b; Karsenti and Vernos, 2001; Chakravarty et al., 2004; Cytrynbaum et al., 2005; Goshima et al., 2005b; Rogers et al., 2005; Burbank et al., 2007) . Of these models, it is clear that MT dynamics control MT length and affect spindle size; however, how MT sliding contributes to spindle structure is more complicated. Different models result from assumptions of different force production schemes and different MT organizations. One model predicted that MT dynamics play the major role, whereas MT sliding plays a minor role in the maintenance of spindle length, consistent with their experiments in Drosophila S2 cells in which knockdown or overexpression of the Kinesin-14 Ncd did not significantly change the spindle length (Goshima et al., 2005b) ; however, the model is inconsistent with data from Drosophila embryos, which showed that the Kinesin-5 Klp61F antagonizes Ncd to regulate the spindle pole-to-pole distance (Sharp et al., 1999) . In contrast, recent computer simulations propose that the plus-end motors slide between anti-parallel MTs to generate the outward movement of MTs in the spindle, whereas the minus-end motors slide between parallel MTs and help cluster MT minus ends to form the spindle poles (Goshima et al., 2005a; Burbank et al., 2007) . One possible link between these differing models would be if Kinesin-14s actually regulated spindle MT dynamics. In this scenario the increase in spindle length seen with HSET overexpression would be due to an increased stability of MTs. In support of this idea, the N-terminus of Ncd was shown to promote MT assembly and stabilize MTs against conditions that induce MT disassembly (Karabay and Walker, 1999) . However, we do not favor this model, because we find no increase in the overall fluorescence intensity of tubulin in the spindles after XCTK2 addition (our unpublished results). Furthermore, several Figure 6 . Model for regulation of Kinesin-14 function in spindle organization. During interphase, Kinesin-14s are transported into the nucleus through association of the NLS in its tail with importin ␣/␤, which prevents the bundling of cytoplasmic MTs. After nuclear envelope breakdown, a Ran-GTP gradient is formed in the vicinity of chromosomes, which results in the dissociation of Kinesin-14s from importin ␣/␤. Once Kinesin-14s are activated by Ran, they likely cross-link MTs and transport MTs to the spindle pole through the minus-end movement of the motor domain. This activity is mediated through parallel MTs within a half spindle.
studies suggest that members of the Kinesin-14 family actually possess the ability to destabilize rather than to stabilize MTs (Endow et al., 1994b; Chu et al., 2005; Sproul et al., 2005) . Our data showed that in human cells and in Xenopus extracts Kinesin-14 proteins promote the outward movement of the spindle poles and increase half spindle length in monopolar spindles (data not shown). Thus our results are consistent with the model that Kinesin-14s slide between parallel MTs (Goshima et al., 2005a; Burbank et al., 2007) , because a minus-end motor positioned between anti-parallel MTs would generate inward movement of the spindle poles and not outward movement as we demonstrated. HSET localization between parallel MTs as visualized by electron microscopy supports this theory (Mountain et al., 1999) , as do studies showing that overexpression of CHO2 results in an increase in spindle length (Matuliene et al., 1999) . We propose that one mechanism of action for the Kinesin-14 family is to cross-link and transport parallel MTs in a half spindle, not only to facilitate pole focusing, but also for spindle elongation (Figure 6 ). This model implies that the binding of Kinesin-14s between two MTs should have a certain orientation. Goshima et al. (2005a) propose that Ncd cross-links K-fiber MTs to spindle MTs by binding its motor domain to the astral/spindle MTs and its N-terminal domain to the K-fiber. Our data show that HSET can induce spindle elongation in the absence of K-fibers, suggesting that HSET cross-linking occurs through parallel spindle MTs within a half-spindle. Our data can be explained more readily by a recent single-molecule study showing that Ncd has different motility properties on single MTs versus bundles of MTs, which provides a possible mechanism for this biased binding (Furuta and Toyoshima, 2008) .
The Activity of Kinesin-14s in Spindle Morphology
Control Is Regulated by Its NLS Previously, we showed that Ran regulated the cross-linking activity of XCTK2 in vitro (Ems-McClung et al., 2004) . Here we show that disruption of the association between XCTK2 and importin ␣/␤ through mutagenesis of NLS-impaired XCTK2 spatial distribution and spindle morphogenesis in extracts. This regulation is likely physiologically important for HSET regulation in cells because overexpression of the NLS mutants was lethal. Ncd contains a putative bipartite NLS in its tail domain, is similarly sequestered in the nucleus during interphase, and when artificially exported out of the nucleus by the addition of a nuclear export sequence, localizes to MTs and strongly bundles MTs similar to HSET and XCTK2 (Goshima et al., 2005c) . This further supports the theory that Kinesin-14 function is conserved. Together these data demonstrate that the NLS is a critical region for the biological function of Kinesin-14s and is likely to be regulated by importin ␣/␤, which is tightly controlled by Ran (Figure 6 ).
The Ran gradient controls spindle morphogenesis through the regulation of many spindle assembly factors, such as the chromatin-driven MT-nucleating proteins TPX2 (Gruss et al., 2001) and NuSAP (Ribbeck et al., 2006) , the spindle pole organizing factor NuMA (Nachury et al., 2001; Wiese et al., 2001) , the K-fiber-binding protein HURP (Koffa et al., 2006; Sillje et al., 2006) , the mRNA export factor Rae1 (Blower et al., 2005) , the tumor suppressor BRCA1 (Joukov et al., 2006) , and many others. Because of the complexity of various Ran substrates, we were unable to establish a direct link between Ran regulation and Kinesin-14 function in spindle assembly in somatic cells. However, our data demonstrate that the function of Ran substrates must be tightly regulated, and disruption of this regulation pathway causes abnormal spindle organization in extracts. This supports the idea that the Ran gradient physiologically controls spindle formation and organization. Further investigations will be needed to clearly demonstrate this point.
Although our data suggest that the Ran system regulates the activity of Kinesin-14s in controlling spindle length, many questions remain unanswered. For example, how does the Ran system sense the size of the spindle and regulate the activity of Kinesin-14s? There are many Ran substrates involved in spindle assembly, but it is unclear how the Ran system coordinates the different factors and how Ran selectively regulates some factors without affecting others. Clearly Kinesin-14s function to focus poles, but how is the mechanism of pole focusing related spindle length control? The action of Kinesin-14s seem to be mediated by parallel MTs within a half-spindle and do not require either overlapping MTs or K-fibers. Perhaps other motors or MAPs also regulate spindle length through these other MT subsets. The answers to these interesting questions will help us unveil the detailed structure and organization of spindle.
